We present a complete sample of International Ultraviolet Explorer and Hubble Space Telescope ultraviolet (UV) spectra of Type Ia supernovae (SNe Ia) through 2004. We measure the equivalent width (EW) and blueshifted velocity of the minimum of the one strong UV feature, Fe II λ3250. We also quantify the slope of the near-UV spectra using a new parameter, the "UV ratio." We find that the velocity of the Fe II line does not correlate with light-curve shape, while the EW shows distinct behavior for the slow and fast-declining objects. Using precise Cepheid and surface brightness fluctuation distance measurements of 6 objects with UV spectra observed near maximum light (a total of 12 spectra), we determine that the UV ratio at maximum light is highly correlated with SN Ia luminosity. A larger sample of UV spectra is necessary to increase the statistical certainty of these luminosity indicators and whether they can be combined with light-curve shape to improve measured SN Ia distances.
INTRODUCTION
Ultraviolet (UV) spectra of Type Ia supernovae (SNe Ia) have been incredibly helpful in understanding the explosion physics of SNe Ia (e.g., Jeffery et al. 1992) ; over the last 16 years, however, very few such spectra have been obtained. Compounding the problem, the demise in 2004 of the Space Telescope Imaging Spectrograph (STIS) aboard the Hubble Space Telescope (HST) has stalled progress in this field.
In addition to providing a better understanding of SN Ia explosions, UV spectra are critical for properly measuring luminosity distances of high-redshift SNe Ia, where the observed optical bands probe the rest-frame UV. Establishing the luminosity distances of SNe Ia is extremely important for many studies, including the determination of cosmological parameters such as H 0 , Ω M , and Ω Λ (e.g., Riess et al. 1998; Perlmutter et al. 1999; Riess et al. 2005) . Despite a large intrinsic dispersion of SN Ia absolute magnitudes (σ ≈ 0.7 mag), there are ways of "correcting" this. For SNe Ia with precise and independent relative distance measurements, such as SNe Ia in the Hubble flow or those in host galaxies which have distances measured by the Cepheid periodluminosity (P/L) relationship, one may test whether intrinsic SN features correlate with peak luminosity. Doing this, various authors have found several observables in SN light curves and spectra that correlate with luminosity (e.g., Nugent et al. 1995; Benetti et al. 2005; Wang et al. 2007 ). The most well-known relationship is that between the light-curve shape and luminosity . We can then use such relationships to determine the precise distances of high-redshift SNe.
Although there are many different known observables that correlate with luminosity, thus far a combination has failed to significantly reduce the scatter in Hubble diagrams, indicating that all known luminosity indicators probe essentially the same parameter space, precluding further improvements in SN Ia distances. Since the luminosity of SNe Ia (at peak) is powered by the decay of 56 Ni and UV spectra of SNe Ia are highly dependent on iron-peak elements, one might expect there to be correlations between observables in the UV spectrum of a SN Ia and its peak luminosity.
An indication that the UV colors might probe a different part of parameter space than the light-curve shape vs. luminosity relationship is found in the case of SNe 1992A and 1994D. Despite having very similar light-curve shapes (SN 1992A has ∆m 15 (B) = 1.33 and SN 1994D has ∆m 15 (B) = 1.31; N. Suntzeff, 2007, private communication; Richmond et al. 1995) and B − V colors, SN 1994D was ∼0.3 mag bluer than SN 1992A in the near-UV (as measured by U − B). This shows that there are real differences among SNe Ia that do not correlate with light-curve shape and suggests that there is a "second parameter" that may further reduce the scatter in the derived SN Ia luminosities.
With this in mind, we have examined all 64 SN Ia UV spectra observed with either the International Ultraviolet Explorer (IUE) or HST through 2004, when STIS became inoperable. For completeness, we also present the additional 12 SN Ia UV spectra having no available lightcurve information. Using our sample of SN Ia spectra, we investigate possible correlations of the observables in the UV spectra with luminosity.
OBSERVATIONS
A total of 77 UV spectra of 20 SNe Ia were obtained with IUE and HST through 2004. Of these, there are 16 SNe Ia with available optical light curves. Most spectra were taken with IUE, with later spectra from HST using both the Faint Object Spectrograph (FOS) and STIS. Some of these data have been published elsewhere (SN 1981B, Branch & Venkatakrishna 1986 SNe 1990N, 1991T, Jeffery et al. 1992 SN 1992A, Kirshner et al. 1993 SNe 2001eh, 2001ep, Sauer et al. 2008 . All data were retrieved from the IUE and HST data archives, and reprocessed according to standard published techniques.
The photometric and host-galaxy information for each SN is listed in Table 1 . When available, we have included the distance modulus for the host galaxies. Distances are derived from infrared (IR) surface brightness fluctuations (SBF), Cepheids, or directly for hosts in the Hubble flow. All distance moduli are on the IR SBF scale determined by Jensen et al. (2003) , calibrated to the HST Key Project Cepheid scale , yielding H 0 = 76 km s −1 Mpc −1 . Having the distance modulus (µ) for each host galaxy, the visual maximum brightness and measured hostgalaxy visual extinction allow one to calculate the absolute brightness of each SN at maximum light:
To compare with the light-curve shape vs. luminosity relationship, we have also included in Table 1 two measures of light-curve shape: ∆m 15 and MLCS ∆ (Riess et al. 1996; Jha et al. 2007 ).
There exists a single UV spectrum of the fast-declining, subluminous SN 1991bg (e.g., Filippenko et al. 1992a ); however, it has such a low signal-to-noise ratio (S/N) that no clear SN signal can be discerned. It has been removed from all subsequent discussion, but including in Tables 1 and 2 for completeness. In addition to the 15 SNe Ia (removing SN 1991bg) with available light curves, there exist four objects (SNe 1989M, 1990M, 2003bf, and 2003bt ) which have UV spectra, but no available light curves. Without light curves, the phase relative to maximum brightness, light-curve shape parameters, and brightness at maximum cannot be determined; thus, these objects have been removed from further analysis. We do include these SNe in Table 1 and their spectra in  Table 2 for completeness and for future studies if light curves for these objects eventually become available.
We also provide specific information for each spectrum in Table 2 , listing the UT date of observation, the telescope (and instrument) used to obtain the spectrum, the phase of the spectrum relative to maximum B brightness (when available; determined from the light curves; see Table 1 ), and various quantities calculated from the spectra (see § 3). The 64 spectra with phase information are presented in Figures 1-4 . The 13 spectra of SNe 1989M, 1990M, 1991bg, 2003bf, and 2003bt (which have no phase information) are presented in Figure 5 . All spectra compiled in this paper can be obtained online 1 . For all analyses, the spectra have been corrected for Galactic extinction (Schlegel et al. 1998 ). Fig. 1.-UV spectra of SNe Ia with t ≤ 1.6 d past maximum brightness. The spectra are generally of low S/N, but some features are apparent. In particular, there is an absorption trough at ∼3000Å, attributed to Fe II λ3250 (Branch & Venkatakrishna 1986 ), on either side of two peaks. These features are seen in nearly every spectrum with t < 3 weeks and of reasonable S/N.
(e.g., Ca, Si, S; see Filippenko 1997 , for a review), the UV maximum-light spectrum is dominated by Fe-peak elements. An analysis of the t = 5 d spectrum of SN 1992A has revealed many complex, low-amplitude line features , but for almost all of our sample the S/N is too low to detect them. We do, however, detect the prominent trough at ∼3000Å, attributed to Fe II λ3250 (Branch & Venkatakrishna 1986) , in nearly all of our spectra having sufficiently high S/N at t < 3 weeks ( Fig. 1-4) . Being the strongest feature in the near-UV spectra of SNe Ia, we are able to measure its velocity and equivalent width (EW) in most of our data.
In Figure 6 , we present the Fe II line velocity as a function of time for our sample. We assume that the be slightly different from this value, it is not important for examining general trends and comparing objects. For the Fe II feature, we see that the velocity decreases significantly from premaximum to maximum light (although few objects probe times before maximum), and the velocity gradient is relatively shallow after maximum brightness. This is similar to the velocity evolution of optical lines from intermediate-mass elements (e.g., Patat et al. 1996; Benetti et al. 2005 ). There does not appear to be any difference between objects with different light-curve shapes.
To measure the Fe II EWs, we must choose wavelength regions to act as the continuum. For this, we have chosen the peaks just blueward and redward of the line (an example can bee seen in Figure 7 ). These regions are different for each spectrum and are somewhat subjective. Consequently, the systematic errors associated with any given measurement may be as large as 10Å. As seen in Figure 8 , the Fe II EWs are significantly different from object to object. Moreover, there is no definitive trend among the entire sample for the evolution of the line with time. For example, the EW in SN 1980N increases from around maximum brightness for about a week, then falls dramatically (87% over 1.6 d), only to climb to its previous level about a month after maximum brightness.
However, separating the objects by light-curve shape does reveal some differences among the subsamples. On average, the low-∆ (slow-declining light curve, highluminosity) objects have lower EWs near maximum, and for the single object with several pre-maximum epochs, the EW appears to decline with time before maximum brightness. The high-∆ (fast-declining light curve, lowluminosity) objects, on the other hand, have larger EWs near maximum brightness, and the strength of the line appears to increase with time from before maximum until after maximum. The normal-luminosity events do not appear to follow any particular trend, but their EWs tend to fall between the high and low-∆ objects at maximum brightness. 
UV Spectral Shape and Absolute Magnitude
Examining the UV spectra, we see that the overall spectral shape differs dramatically among various objects. Some objects have strong continua at ∼3200Å, only to drop rapidly by ∼ 2600Å, while others have a much shallower decline from long to short wavelengths. Figure 9 shows spectra of SNe 1991T and 1992A at maximum light. It is clear that SN 1991T has excess flux relative to SN 1992A in the range 2900 λ 3100Å.
Although there are many ways to characterize the spectral slope (such as fitting a straight line to the flux density), we determined that differences in spectral features prevent an accurate assessment of the slope with most of these methods. One method which can avoid spectral features (to a large degree) is to measure the ratio of the flux density at two separate wavelengths. For this, we have chosen wavelengths of 2770 and 2900Å, which correspond to parts of the spectra that have reasonable S/N and avoid major features in the near-maximum various SNe Ia. The normal, high, and low-∆ (corresponding to normal, low, and high luminosity) objects are shown in black, red, and blue (with sold, dotted, and dashed lines connecting points), respectively.
(−3 ≤ t ≤ 3 d) spectra. We define the "UV ratio" as
For f λ (2770Å) and f λ (2900Å), we measure the median flux density in the 40Å regions centered on 2770 and 2900Å, respectively. Figure 9 demonstrates this method with SNe 1991T and 1992A. We also calculate an uncertainty for this ratio by measuring all flux-density ratios within a 20Å region centered on each wavelength value (±10Å) and with the same wavelength spacing to achieve a corresponding slope [e.g.,
The UV ratio and its uncertainty are presented in Table 2 for all objects covering the wavelength range 2750-2920Å. We chose the range −3 < t < 3 d so that the features do not shift dramatically and cause the adopted fixed wavelengths to different physical features. If we expand the range of phases to ±7 d, the relationships presented below remain, but with increased scatter.
In Figure 10 , we see that the UV ratio and ∆ are highly correlated (correlation coefficient of 0.900). Ob- jects that decline slowly (small ∆) have small UV ratios, while those that fade rapidly (large ∆) have large UV ratios. This is similar to stating that SNe Ia with slowdeclining light curves have redder spectra between 2770 and 2900Å than those with fast-declining light curves. This is opposite to the trend in optical colors, where SNe Ia with slow-declining light curves have bluer U − B and B − V than those with fast-declining light curves.
In Figure 11 , we show the UV ratio of 12 spectra (from 6 objects: SNe 1980N, 1981B, 1986G, 1990N, 1991T, and 1992A) with −3 ≤ t ≤ 3 d compared to M V at maximum light for the SNe. Spectra of more recent SNe Ia tend to have t > 3 d, and several barely probe the UV, not reaching 2770Å. We find that the UV ratio is highly correlated with the peak absolute magnitude of the SN, with correlation coefficients of 0.811 and 0.860 for the individual UV ratio measurements for each spectrum and the averaged UV ratio measurements for each object, respectively. By averaging the UV ratio for each object (to weight all objects equally), we have fit a line to the data, yielding the relationship Fig. 11. -The UV ratio compared to the absolute magnitude at maximum for several SNe Ia. The square points are the values for SN 1986G if no host-galaxy reddening correction is applied to the spectrum before calculating R U V (an extinction correction is still applied to its measured absolute magnitude). The solid line is the fit for the host-galaxy extinction corrected spectra, described by M V = −19.165 + 6.293(R U V − 0.3) mag, were R U V is the UV flux ratio. The dashed line is the fit for the uncorrected spectra, described by M V = −19.105 + 6.527(R U V − 0.3) mag.
with a residual scatter of 0.207 mag.
The measurement of R UV is affected by dust reddening along the line of sight (both from our Galaxy and the SN host galaxy). Though this can be significant in the near-UV, the small wavelength range over which we measure R UV (only 130Å) makes it rather insensitive to extinction. In Figure 12 , we show the effect of dust reddening on the measurement of R UV , and find that a ±0.6 mag change in A V yields less than a 10% change in R UV (for any R V ≥ 2.0). Of the sample presented here, only SN 1986G, which has A V = 2.313 mag (assuming R V = 3.1; for lower values of R V , A V also decreases), has a UV ratio significantly affected by extinction. If we were to ignore this effect, we would have derived
differing little from the relation in Eq. 3.
Reducing the Scatter in the SN Ia Hubble Diagram
As mentioned previously, combining various luminosity indicators has failed to reduce the scatter in SN Ia Hubble diagrams. Therefore, a single parameter can characterize the luminosity of a SN Ia. Jha et al. (2007) derived M V as a quadratic function of ∆. Since our sample is different from the Hubble-flow sample used to create the relationship, and the relationship of Jha et al. (2007) is nearly linear, and we only have 6 objects with measured R UV and −3 ≤ t ≤ 3 d, we decided to fit for a new, linear relationship. Excluding SN 1986G from our fits based on its large and uncertain host-galaxy reddening, we find M V (t = 0) = −19.118 + 1.020∆ mag.
This relationship has χ 2 per degree of freedom (dof) = 5.771/3, a reasonable, but not excellent, fit. Using the absolute magnitudes from this new relationship, we find a scatter in the residuals to the absolute-magnitude fit of 0.167 mag, which is slightly lower than, but similar to 0.18 mag, the scatter in the Hubble diagram using the results of Jha et al. (2007) .
If we then include the UV ratio, R UV , in the fit, we find
This relationship has χ 2 /dof = 2.155/2, which is much improved from the relationship given in Eq. 5. The residual scatter also decreases to 0.090 mag. The low scatter (the mean error for the absolute magnitudes is 0.140 mag) indicates that the data may be slightly overfit, requiring more data to determine if this relationship is valid. Eq. 6 shows that R UV is more influential on the determination of M V than ∆. In fact, fitting a relationship between just M V and R UV (and removing SN 1986G from the sample) give χ 2 /dof = 2.166/3. It is obvious that we need a larger sample to determine if R UV is in the same family of luminosity indicators as light-curve shape. Figure 13 shows the derived absolute magnitudes (and residuals) from Eqs. 5 and 6 for our sample of objects with near-maximum spectra.
DISCUSSION AND CONCLUSIONS
4.1. The Fe II Feature Based on the very small sample of SNe Ia with available UV spectra and optical light curves, we are able to see general trends regarding the evolution of the strong Fe II λ3250 feature. The line velocity and its evolution do not appear to differ significantly among objects with different light-curve shapes. On the other hand, the strength near maximum light and evolution of the EW of the line do appear to depend on the subsample, with fast-declining objects having a larger EW near maximum light than slow-declining objects.
The variation in EW measurements for these subsamples is similar to the difference in the EW of the Si II λ5972 line seen in SN 1991T-like and SN 1991bg-like objects (e.g., Filippenko et al. 1992a,b) , and may be another indication of luminosity. The trend between the slope of the UV continuum (i.e., the UV ratio) and the absolute magnitude of the SN, with brighter objects having a steeper decline to shorter wavelengths, is similar to stating that more-luminous objects have brighter near-UV flux. The difference between Fe II EWs for the slow and fast-declining objects may simply be a higher continuum in the slow-declining objects. Similarly, SN 1991T and its brethren have hot photospheres which ionize Fe to Fe III, and at maximum light they have strong Fe III features and absent Fe II features, which are present in normal-luminosity SNe Ia (e.g., Filippenko et al. 1992b ). The Fe II λ3250 feature may be weaker in the UV spectra of SN 1991T-like objects because most of the Fe has been ionized to Fe III. Since the UV continuum is blanketed by Fe II lines, the Fe II/Fe III ratio may be the reason for the differences in both the Fe II EW and UV ratio.
The UV Continuum
We have shown that for our small sample, there is a relationship between the near-UV spectral slope, described by our "UV ratio," and the luminosity of SNe Ia. For a given SN Ia, the luminosity is derived from a combination of distance moduli from independent sources, a measured peak apparent magnitude, and a calculated extinction. The UV slope is measured from the spectrum of a SN. Since these two observations are independent, it is very intriguing that we are able to find a strong correlation between them. This new luminosity indicator could be particularly useful for high-redshift objects where it is difficult to observe the rest-frame optical light.
We show that slow-declining SNe Ia have redder near-UV colors (as measured by the UV ratio) than fastdeclining SNe Ia. Jha et al. (2006) found that slowdeclining SNe Ia have bluer U −B colors than fast declining SNe Ia. This difference suggests that the near UV, in particular ∼2800-4000Å, may be very sensitive to luminosity, with bright, slow-declining SNe Ia having a larger flux density in this region compared to faster-declining objects. This would lead to both redder R UV values and bluer U − B colors. Combining this result with recent studies of the variation in SN Ia ground-based near-UV spectra (Foley et al. 2007; Ellis et al. 2008 ) may suggest that the region strongly correlated with luminosity might be restricted to the range ∼2800-3500Å.
We also present the possibility that the relationship between the UV ratio and luminosity may represent a new vector in the multi-dimensional SN Ia luminosity parameter space. This possible "second parameter" might open the door for more precise distances to high-redshift SNe Ia, significantly improving our measurements of cosmological parameters, such as the equation-of-state parameter of the dark energy, w = P/(ρc 2 ), and its derivatives.
Future Studies
One way to test the validity of the UV ratio as a luminosity indicator is to measure a similar photometric color. The wavelengths we chose for this study, 2770 and 2900Å, are very closely spaced, and it is difficult to probe flux densities at these wavelengths independently. However, the low S/N of our spectra prevented us from probing wavelengths shortward of 2600Å, and the UV spectra rarely included wavelengths redward of 3300Å. Use of longer or shorter wavelengths may provide a similar (or potentially better) relationship. However, widely separated wavelengths make the results more sensitive to errors in the adopted reddening.
There are currently several SNe Ia that have been observed photometrically in the UV with the UVOT instrument on Swift. Its UVW2, UVM2, and UVW1 filters have effective wavelengths of 1900, 2200, and 2600Å, respectively. Either a UVM2 − UVW1 or UVW1 − U color may result in a similar relationship. We do note, however, that the UVW1 and UVW2 filters have long red tails in their response functions; combined with the rapidly increasing flux of a SN Ia to the red, this may increase the observed scatter in the relationship.
Additional high-S/N spectra of SNe Ia with HST in host galaxies having precise relative distances are also necessary to test this relationship. The small sample of 6 SNe Ia with available maximum-light UV spectra and optical light curves provides a glimpse of the potential UV spectra have in determining SN Ia distances. It may be that this relationship is a statistical fluke; however, the light-curve shape vs. luminosity relationship was first clearly measured with a sample of only 7 objects (culled from a set of 9; Phillips 1993). This gives us hope that with a larger sample, the relationship will improve and provide even better SN Ia distances. With the anticipated repair of STIS aboard HST, or at least with the installation of the Cosmic Origins Spectrograph (COS), soon it should again be possible to obtain high-quality UV spectra of SNe Ia.
Most past and present high-redshift SN surveys have obtained limited and typically poor rest-frame UV spectra for high-redshift SNe Ia. Currently there is no public database of high-redshift SN Ia spectra for which we can apply this method and test its validity at high redshifts. Ellis et al. (2008) present a large sample of high-S/N SN Ia spectra, including 12 objects which have spectra at −3 ≤ t ≤ 3 d. This, or a similar sample, would be excellent for testing this method.
Looking forward, the Joint Dark Energy Mission (JDEM) will find and follow several thousand SNe Ia out to z ≈ 2. Incorporating rest-frame UV photometry and spectroscopy into both mission planning and analysis may help produce the requisite precision necessary to achieve its mission objectives.
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